a chemical sense that aids it in exploiting valuable resources or warding off danger. Moreover, cellular mechanisms of chemosensation are highly converged across taxa (Bargmann 2006) . The same molecules, therefore, can be used as cues or as signals (cues that have been modified by natural selection for communication ; Candolin 2003) by phylogenetically diverse organisms.
There is no clear distinction between bioactive molecules functioning either in chemical defense or in chemosensory communication. Many herbivorous animal species, for example, exhibit resistance, borrowing plant toxins for their own defense, and also use these same compounds or their metabolites in courtship and mate attraction (Eisner and Meinwald 1995) . Furthermore, toxins often act as feeding stimulants for consumer species that are resistant to their adverse effects (Bernays et al. 2002) . Similarly, plants use volatile chemical constituents for communicating with each other over a distance (Baldwin et al. 2006) . Airborne substances released in response to herbivore attack are carried downwind, reaching plants not yet in contact with the predator and activating inducible chemical defenses in their tissues. Thus, lines are blurred between chemical communication and defense and among the effects on animal, plant, and microbial taxa.
The keystone species concept is a fundamental principle in ecology that can be borrowed and applied to synthesizing U nderstanding the complex dynamics of ecological communities has been addressed through the development and testing of general theories applied to diverse situations and habitats. The competitive exclusion principle, for instance, draws on relatively simple antagonistic interactions between species to help explain the maintenance of natural assemblages (Hardin 1960) . These interactions are mediated by sensory information that shapes organism decision making and determines ecological outcomes. In fact, stimulus-response dynamics can influence every level of organization, from demes to ecosystems (Zimmer and Ferrer 2007) . The sensory bases for biotic interactions have not yet been incorporated into similarly broadly applicable unifying principles that can be integrated into research and management in community ecology and conservation biology, respectively. Dramatic advances in chemosensory and chemical defense ecology over the past decade provide an opportunity for such a synthesis.
Through its effects on communication, chemosensory reception mediates population-and community-level processes (Hay 2009 ). Such mechanisms are not limited to a few species or to a single habitat. Rather, they have profound roles in a wide range of ecological interactions among diverse animal, plant, and microbial species in terrestrial and aquatic environments Butman 2000, Baldwin et al. 2006) . Essentially, every living organism has Articles research on chemical ecology and trophic relationships. Here, a general theory is described for molecules of keystone significance. Examples are drawn from open-ocean, coastal-ocean, riparian, and terrestrial communities, and the implications of these molecules are discussed for community ecology and conservation biology.
Chemical ecology and the keystone species concept
The community impacts of a keystone species are greater than would be predicted from their relative abundance or biomass (Paine 1969 , Power et al. 1996 . Keystone species, such as sea otters, red-banded newts, grizzly bears, sea stars, and beavers, are uncommon in nature. Through predation or habitat alteration, their actions disproportionately determine species assemblages and the rates of material and energy flow across entire communities (figure 1a; Paine 1969 , Power et al. 1996 . Similarly, select bioactive compounds can exert profound effects on species interactions throughout trophic webs, despite having far lower (1000-10,000 times lower) concentrations than do other biologically active molecules, such as free amino acids (e.g., glycine), nucleotides (e.g., adenosine 5'-triphosphate), or monosaccharides (e.g., glucose) (figure 1b; Zimmer and Ferrer 2007 Figure 1 . The keystone species concept is seminal in ecological theory. It defines a species whose impacts on communities are far greater than would be predicted from its relative biomass or abundance (Paine 1969 , Power et al. 1996 . (a) As an example, sea stars (Pisaster ochraeous) are relatively few in number but exert strong effects on the species compositions of rocky intertidal communities. Sea stars feed voraciously on the California mussel (Mytilus californianus), which, as a foundation species, is numerically abundant and a superior competitor for space. The removal of mussels by sea stars allows subdominant competitors, including individuals of sedentary invertebrate and algal species, to colonize successfully and to inhabit rocky shores. Although it is relatively rare, P. ochraeous predation thus promotes overall species diversity by suppressing mussel domination. Articles members. More important, keystone compounds are multifunctional, serving different physiological and ecological roles, both as defenses and as chemosensory stimulants, across diverse species. As a consequence of their multifunctionality, molecules such as DMSP, STX, TTX, and PAs cut across multiple trophic levels, determine species compositions, and affect rates of energy and material exchange. Moreover, because of a diverse array of physiological traits expressed differentially among many species, these defense and signal molecules play keystone roles in a wide range of communities across habitat types.
Open-ocean communities and DMSP Few known molecules affect community dynamics in relation to their concentrations as do DMSP and its metabolites (figure 2). This sulfur-containing compound is synthesized by coccolithophores and dinoflagellates to cope with multiple environmental stressors (Sunda et al. 2002) . When discharged from lysed cells into surrounding waters, DMSP is enzymatically cleaved into acrylate and DMS (Wolfe et al. 1997) . DMSP and its metabolites convey information among a phylogenetically diverse array of organisms (Pohnert et al. 2007 ). Acrylate, for example, deters grazing protozoans (Wolfe et al. 1997 ), but dissolved DMS attracts copepod herbivores that feed on the phytoplankton (Pohnert et al. 2007 ). Moreover, DMSP evokes chemotactic behavior in bacteria, facilitating the exploitation of energy-rich patches and promoting the biomineralization of carbon and sulfur (Seymour et al. 2010) .
Airborne, gaseous DMS produced by prey may attract larger predators. When zooplankton grazing is intense, atmospheric DMS forms concentrated plumes that are carried long distances by wind (Nevitt 2011) . Migrating procellariiform seabirds, which have acute olfactory sensitivity, use these plumes as a scented landscape with which to find rich prey patches of fish and krill feeding on zooplankton in an otherwise barren open ocean (Nevitt 2011) . Other seabirds, less sensitive to DMS, rely on the visual cues provided by procellariiform birds for locating these areas of high primary and secondary productivity (Harrison et al. 1991) . The direct and indirect attraction of apex predators by DMS precipitates cascading effects throughout the planktonic food web. After exploiting pelagic prey patches, seabirds return to terrestrial nesting sites. Phosphorus and nitrogen deposited as excretory products at these breeding grounds offer rich nutrient sources that promote primary production on terrestrial islands (Mizutani and Wada 1988) . Planktonic DMSP and atmospheric DMS trails, therefore, are crucial components mediating energy flow and connecting distant communities in diverse habitats.
Notably, the intensity of DMSP-induced effects on pelagic communities appears to be more dependent on grazing rates and nutrient limitation than on coccolithophore or dinoflagellate abundance. These phytoplankton can exist at high densities in the open ocean while not emitting much DMSP or its active metabolites into surrounding and are therefore analogous to foundation species (e.g. trees, kelp, corals) that have large but proportional impacts on their communities (Power et al. 1996) . Molecules of keystone significance, in contrast, are substantially less common but play profound roles at the community level. This conceptual framework recognizes that chemical defense and signal molecules in behavioral interactions are important in ecology and highlights individual effects at higher levels of biological organization.
The concept of molecules of keystone significance is parallel to that of keystone species. A keystone molecule, however, need not be produced by a keystone species. Organisms such as marine coccolithophores and dino flagellates and diverse terrestrial plants (highlighted below) are abundant in their respective communities but produce relatively small quantities of bioactive defense and signal molecules. Despite the impacts of these organisms on their communities through the manufacture of important compounds, their high densities violate one of the criteria for a keystone species (Power et al. 1996) . Instead, it is the chemicals themselves that serve significant (keystone) ecological roles, despite being present at relatively low concentrations.
Whereas keystone molecules and keystone species can be independent of each other, they are not necessarily mutually exclusive. Any species that yields a molecule of keystone significance and is a rare member of its community would be considered a keystone species. In fact, recognition of significant molecules as mechanisms by which rare source organisms affect their communities may shed light on previously overlooked keystone species.
As they are provided here, outstanding examples of four select compounds yield strong support for the concept of molecules of keystone significance. The biogenic, sulfurcontaining molecule dimethylsulfoniopropionate (DMSP) is synthesized by open-ocean coccolithophores and dinoflagellates (phytoplankton; Dacey and Wakeham 1986) . On their release from senescent and damaged cells, DMSP and its metabolites (dimethyl sulfide [DMS] and acrylate, cleaved by the enzyme DMSP-lyase) act in chemical defense, but they also promote behavioral inter actions among bacteria (that biodegrade), primary-and intermediate-level consumers, and apex predators (Pohnert et al. 2007 , Seymour et al. 2010 , Nevitt 2011 . In contrast, the guanidine alkaloids saxitoxin (STX) and tetrodotoxin (TTX) and pyrrolizidine alkaloids (PAs) are potent natural poisons present in coastalocean, freshwater, and terrestrial communities. Binding either to proteins and nucleic acids or to voltage-gated sodium channels, these toxins serve in microbial and plant chemical defense (Catterall et al. 2007) . When coopted by resistant consumer species, however, they confer chemical defense against higher-order predators or operate in chemical communication as chemosensory excitants (Geffeney et al. 2005 , Zimmer et al. 2006 .
Toxic or defensive characteristics appear to be common features of molecules of keystone significance, because they can impose profound effects on susceptible community Articles waters (Wolfe et al. 1997 ). When grazing rates increase or nutrient availabilities decrease, DMSP, DMS, and acrylate become available to other organisms and trigger shifts in community dynamics (Zimmer and Butman 2000) . Such decoupling between host species density and the strength of trophic web effects is attributed to the inducible nature of DMSP metabolism and its role in activated defense. Alternatively, if phytoplankton produced and released these products constitutively, a more direct relationship should exist between host-organism density and the strength of the response elicited by the community.
Coastal-ocean communities and STX
One deadly yet versatile compound shapes multiple communities along the northeast coast of the Pacific Ocean. STX, the parent molecule in a suite of structurally analogous compounds known as paralytic shellfish toxins, accomplishes such feats by initiating both bottom-up and top-down effects on species assemblages (figure 3). Produced by some marine dinoflagellates (e.g., Alexandrium) at the base of the planktonic food web, STX functions as an inducible feeding deterrent against select species of grazing zooplankton (Bergkvist et al. 2008 , Selander et al. 2012 . Thus, STX alters energy and material transfer throughout the trophic web (Mallin and Pearl 1994) . Some grazers, however, are capable of consuming the dinoflagellates and sequestering STX in their tissues even though it is a potent sodium channel blocker Shumway 1998, Bricelj et al. 2005) . Massive die-offs result when secondary and tertiary consumers, such as fish, seabirds, and marine mammals, feed on STX-laden zooplankton and other intermediate vectors (Steidinger et al. 2008) . Removal of higher-order predators can alter trophic cascades, drastically changing the structure and function of these communities. 
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In addition to affecting the dynamics of planktonic food webs, STX determines the biotic composition in other habitats by acting on the chemosensory-mediated behavior of keystone predators (Kvitek and Bretz 2004) . Sea otters, for example, are well known for their ability to structure subtidal marine communities (Estes and Duggins 1995) . STX influences the foraging behavior of these animals. Suspension-feeding bivalves, such as the butter clam (Saxidomus giganteus), store the toxin in their tissues, causing otters to switch to less-risky invertebrate prey (Kvitek and Bretz 2004) . This modification in foraging habit is mediated by aversive conditioning and gustatory recognition of STX (Yamamori et al. 1988 ). On tasting STX, otters learn to discard bivalve prey and opt instead for kelp-grazing herbivores, such as purple sea urchins (Kvitek and Bretz 2004) . The consequences of otter prey switching are profound, because soft sediment and kelp forest communities undergo substantial shifts in floral and faunal abundances and distributions.
Riparian communities and TTX One of the most potent natural poisons, TTX, is found in riparian habitats along the West Coast of North America ( figure 4). A striking example of the keystone role played by TTX is for newts in the genus Taricha. TTX is present in the skin of adult newts-amphibians that spend much of the year in terrestrial habitats, migrating to freshwater streams, ponds, and lakes during annual breeding events. The ecological role of TTX, like that of most natural toxins, has been regarded as a chemical defense against pre dation. et al. 2006) . Consequently, larval newts, under pressure of adult cannibalism, detect and respond to TTX as an indicator of conspecific predator presence. When contacting an adult-derived, waterborne scent of TTX, larvae stop foraging activity and seek refuge, thus altering trophic relationships (Zimmer et al. 2006) .
The biosynthetic precursor to TTX, arginine, also contributes significantly to trophic interactions Zimmer 2007a, 2007b) . As feeding generalists, adult newts consume a taxonomically diverse prey assemblage, primarily including insects, worms, snails, and other small invertebrates (Ferrer and Zimmer 2007b) . When adult newts feed on invertebrate prey, arginine is released at elevated concentrations into the surrounding streamwater (Ferrer and Zimmer 2007b) . Arginine concentrations in amphibian tissues and blood are at least 10-20 times lower than those
The toxin functions as a sodium channel blocker for nerve and muscle cells (Catterall et al. 2007) , and apex predators (including avian raptors) die after consuming chemically defended newt adults (Mobley and Stidham 2000) . Thamnophis garter snakes, in contrast, have evolved a resistance to TTX, which allows them to consume newts (Feldman et al. 2012 ) and accumulate the poison in their own tissues as a predation defense (Williams et al. 2012 ). Thus, trophic transmission of TTX either by newts or resistant snakes can result in top-predator mortality with cascading effects throughout terrestrial and freshwater food webs (Borer et al. 2006) .
In addition to its defensive functions at higher trophic levels, TTX acts as a chemosensory cue, mediating behavioral interactions between predators and prey. The molecule is present in adult newts but not in the larvae (Zimmer Articles and owls. The predator-prey interactions that shape both vertebrate and invertebrate communities are mediated by these compounds because of their opposing roles. Whereas TTX defends adult newts and resistant garter snakes by inhibiting neuromuscular function in predators, the toxin stimulates olfactory receptor cells in larval newts, eliciting prey avoidance behavior and reducing predator-driven mortality. Conversely, arginine suppresses larval antipredator responses, whereas it activates predation in adults.
Terrestrial grassland communities and PAs
The evolutionary relationship between PA-producing plants and arctiid moths is an extraordinary example of how resistant herbivores can coopt toxins and use them for their own benefit (figure 5). Whereas most herbivores are deterred effectively by the hepatotoxic PAs (Trigo 2011) , arctiid larvae actively feed on plant tissues containing the toxins (Eisner and Meinwald 1995) . In fact, PAs stimulate larval gustatory receptor cells, prompting the caterpillars to pre ferentially eat material with high PA content (Bernays et al. 2002) . Sequestration of these defensive compounds during larval in stream invertebrates (Gallardo et al. 1994) . Consequently, arginine signals the presence of injured invertebrates but not of larval conspecifics. Newt adults prefer worms over conspecific young prey, and there is no evidence of adult adaptation specifically for cannibalism (Kerby and Kats 1998) . The cannibal-avoidance response in larvae is suppressed when arginine from injured invertebrate prey mixes with TTX from adults (Ferrer and Zimmer 2007a) . Experimental results suggest that the guanidinium moiety, present on both arginine and TTX, competes for common chemoreceptor-binding sites. Therefore, the presence of arginine signals a reduced predation threat to larvae, and mixture suppression decreases fitness costs by inhibiting antipredator behavior. In contrast, arginine released from damaged invertebrate prey stimulates for aging behavior in adult newts (Ferrer and Zimmer 2007b) . Attractant plumes function as a road map for the adults to find prey, thus facilitating further predation on invertebrate populations.
TTX and its precursor, arginine, tightly link trophic levels ranging from deposit feeders and detritivores, such as worms and aquatic insects, to apex predators, including hawks 
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In addition to mediating numerous trophic and reproductive interactions above ground, PAs determine the composition of soil microbial communities (Kowalchuk et al. 2006) . Among the diversity of species affected by these compounds are endophytic fungi. Whereas hyphal growth is dramatically suppressed by PAs in most species, mutualist fungi associated with PA-producing plants are unaffected (Hol and van Veen 2002) . Given the crucial role that endophytes play in host-plant health, differential responses by fungi to PAs could dictate which plant species succeed and which fail, thereby affecting plant communities.
PAs not only mediate important interactions that occur above and below ground, but they also provide a feedback mechanism between these two habitats. When PA-producing plants experience root damage, PA distribution shifts to the roots and away from shoots (Hol et al. 2004 ). Conversely, shoots experiencing herbivory divert PAs from roots to shoots to defend against aboveground attackers (Hol et al. 2004) . Therefore, redistribution of these key molecules in response to localized tissue damage in one habitat alleviates PA-induced impacts in the other and links above-and belowground assemblages.
Conservation resource management and molecules of keystone significance Once viewed as products of either bottom-up or top-down regulation, maintenance of community health and stability are now attributed to diverse and often complex interaction networks (Neutel et al. 2007) . Accordingly, applied biologists and government managers give special consideration to species that serve crucial roles in these networks when planning conservation projects and setting aside protected areas (Power et al. 1996) . Currently, wildlife managers do not afford similar appreciation for species that produce or transmit molecules of keystone significance that play primary roles in communities. However, the loss of these species could eliminate or weaken links in a trophic web, potentially leading to community collapse (figure 6). The inclusion of key chemical contributors would transform the design and implementation of wildlife management plans. Restoration projects, for example, that involve large-scale removal of "pests" or potentially hazardous development offers protection against would-be predators (Trigo 2011) but is also maintained throughout metamorphosis and into adulthood (Eisner and Meinwald 2003) .
As adults, arctiid moths convert their stores of PAs into sex attractants for luring prospective mates (Schulz et al. 1993) . Females release PA derivatives from a specialized gland into the wind, forming chemical plumes that are used by males for navigation (Eisner and Meinwald 1995) . Once it is in the vicinity of a signaling female, a male emits a different PA-derived pheromone that indicates his relative alkaloid concentration (Eisner and Meinwald 1995) . Female mate choice is crucial, because her mate contributes an alkaloid nuptial gift (Conner et al. 2000) . The toxins are passed from both parents to their offspring, protecting the young against parasites and predators (Trigo 2011) during their early stages of development. by diverse, globally distributed species and share common structural moieties that may interfere with each other when they are exposed to receptor-binding sites (Yamamori et al. 1988 , Zimmer et al. 2006 , Catterall et al. 2007 ). TTX and STX, for example, are about the same size; contain highly charged guanidinium groups; and can inhibit the action of each other through competitive, receptor-binding interactions (Catterall et al. 2007 ). Introduction of a species that releases one toxin could disrupt the induction of physiological and behavioral effects by a second species that releases another toxin. Predicting different alkaloid interactions in a community could prove challenging and require investigation into the associated compounds and organisms. Therefore, incorporation of the molecules of keystone significance hypothesis and its underlying chemical ecology into conservation efforts should improve the protection of threatened species or habitats and the use of biological control agents.
Conclusions
Select bioactive molecules are clearly capable of mediating numerous links in trophic webs, thereby imposing greater effects on communities than would be predicted from their relative concentrations. Potentially, the molecules of keystone significance discussed here could be perceived as isolated scenarios with only local relevance. However, these four compounds are distributed in diverse habitats across the globe and exhibit impressive multifunctional capabilities (Hartmann and Witte 1995 , Van Alstyne and Puglisi 2007 , Wiese et al. 2010 , Williams 2010 . Exploring global effects could help reveal not only the large-scale consequences of such molecules but also the underlying mechanisms that make some communities more susceptible to chemical influences. Comparative studies might examine how the same molecule imposes varying effects among different species assemblages, trophic structures, or environmental conditions. Isolating specific biotic and abiotic variables from one another would generate predictions about how and where molecules of keystone significance are most likely to arise and affect communities. Keystone molecules may have biological implications that extend beyond their ecological or conservation relevance. New theories characterizing network dynamics, for example, could incorporate substances that act simultaneously on networks at different levels of biological organization and spatial scales. At cellular and organismal levels, the effects of key molecules on trophic networks are mediated by chemosensory reception, sensory integration within the central nervous system, and motor response (Zimmer and Ferrer 2007) . That is, neural networks, when they respond to select chemical stimuli, ultimately determine behavioral outputs (Laurent 2002) , which, in turn, affect interactions among individuals of the same or different species, thereby driving trophic networks. Molecules of keystone significance may be points of intersection for networks of different types and at different scales of organization. species may have devastating consequences for community structure and function. Eradication of primary producers, such as terrestrial plants or marine algae that synthesize keystone molecules, may also abolish chemical substrates that are seminal to various ecological interactions. Seasonal blooms of Alexandrium dinoflagellates, for instance, pose a serious risk to human health and have been the subject of intense research for prevention and management (Dortch 2008) . Whereas control of human-induced blooms is warranted, suppression of the natural population growth and its associated STX increases could be problematic. Alexandrium toxins serve an important role in structuring coastal communities, and their absence could trigger dramatic shifts in benthic and kelp forest assemblages Duggins 1995, Kvitek and Bretz 2004) .
Likewise, extermination of key animals that transmit molecules of keystone significance to higher trophic levels can trigger cascading effects throughout a community. Agricultural pests targeted for extermination, for instance, can be polyphagous (Kennedy and Storer 2000) , feeding on both crop and native plant species. They can respond to and sequester the phytotoxins synthesized by native species (Bernays et al. 2002 , Després et al. 2007 ), potentially altering inherent community dynamics. Alternatively, the use of nonspecific pesticides can affect populations of herbivorous toxin vectors that do not directly affect crop production (Chiverton and Sotherton 1991) . Whereas disruption of toxin or signal transmission throughout a community may not be a primary concern in agriculture, it can disturb chemically mediated interactions among higher-order predators, particularly near farmland.
Molecules of keystone significance are vital in other wildlife management decisions. Designation as a threatened or endangered species, for example, depends on natural historical, ecological, economic, and even political factors. An important but often overlooked criterion is chemical contribution within a community. In Southern California coastal streams, Taricha newt populations have undergone significant declines over the past several decades, prompting its designation as a species of special concern by the California Department of Fish and Game (Jennings and Hayes 1994) . Newt species in other riparian habitats introduce TTX into their communities, affect assemblage structure, and prevent the establishment of invasive organisms (Smith 2006) . Therefore, Taricha species may warrant a higher level of protection than what is currently afforded them. In fact, awareness of community chemical ecology could prove to be a tipping point in determining the status of many native species.
Nonnative species, alternatively, can disrupt tight associations between native species that depend on chemical defenses or signals. Communities with numerous different interactions mediated by a single crucial compound are susceptible to large-scale change if a nonnative species interrupts the transmission or reception of (locally) common chemical pathways. Guanidine alkaloids are produced The evolution of molecules of keystone significance is both intriguing and largely unknown (Ferrer and Zimmer 2012) . When they are introduced into a community by an autotrophic or microbial species, these compounds often originate as feeding deterrents. Biosynthesis appears to evolve along with mechanisms for resistance or toxin storage in primary producers. Subsequently, consumers acquire resistance, which facilitates the trophic transfer of toxins through food webs. In consumers, chemosensory mechanisms may evolve for recognizing toxins as cues or signals that mediate intra-or interspecific interactions. This proposed evolutionary scenario not only generates a molecule capable of serving multiple ecological functions, but it also provides a pathway that could connect many species across multiple trophic levels.
No doubt, future research will reveal additional molecules of keystone significance. The original proponents of the keystone species concept argued that too many keystone species have been proposed without evidence for that status (Power et al. 1996) . Moreover, invasive species that substantially affect their communities have been excluded from consideration, presumably because of a lack of evolutionary history with their communities and their tendency to decrease biodiversity. Similarly, anthropogenic chemicals, including synthetic pollutants, can have substantial effects on community ecology (Rohr et al. 2006) . Like invasive species, however, these compounds tend to exert their effects by disrupting native interactions rather than by mediating numerous intimate relationships throughout trophic webs. Although exotic chemicals clearly warrant consideration in conservation biology and can have significant impacts on environmental health and ecological dynamics, they do not merit traditional keystone status in natural communities. Identification of molecules of keystone significance that have long-standing evolutionary history in their respective communities will help further develop the concept and may considerably increase the basic understanding of community structure and function. These advances could also provide important new insights for improving the management of natural resources.
